ABSTRACT: A new method for monitoring spinal motoneuron activities during fictive swimming in teleost fish was developed. Enamel-insulated copper wire electrodes were implanted in the trunk muscle of goldfish or carp. For each freely moving fish, an electromyogram (EMG) was recorded using the electrodes. In those fish paralyzed with curare, using the same electrode set, bursts of electrical activities consisted of spikes of smaller amplitude and of shorter duration compared with those recorded by EMG. Simultaneous recording of the extracellular activity and intracellular recording from the muscle revealed that the bursts of spikes recorded in the paralyzed fish were motor nerve impulses innervating the muscle and are considered to be fictive swimming activity. The method developed in the present study provides a useful tool with which to investigate neuronal mechanisms underlying swimming activity in teleost fish.
INTRODUCTION
Detailed investigations of the neuronal mechanisms that control swimming in fish require the electrical recordings from central neurons during swimming activity, either actual or fictive; however, it is difficult to record the activities of the central nervous system in free-moving fish. Thus, many investigations have been conducted using reduced preparations.
Cyclostomes, such as lampreys, are accessible for recording neuronal activities in a simple model that consists of the brain and the spinal cord. [1] [2] [3] [4] In these studies, motoneuronal activities during fictive swimming have been recorded usually by means of suction electrodes placed on the central cut end of the ventral roots.
Neural control mechanisms underlying locomotion have also been investigated using larval amphibians. 5, 6 In the case of Xenopus tadpoles, ventral root activity in immobilized animals was recorded by placing a glass suction electrode on the intermyotomal cleft. 7 A similar approach to recording fictive swimming has been performed in immobilized teleost larvae of the angelfish Pterophyllum scalare. 8 However, this method can be applied only to young larval fish and it is difficult to record ventral root activity in older larvae with relatively larger body sizes.
Although the neural network involving the Mauthner cell, which is responsible for initiation of the startle reflex in teleost fishes, has been investigated previously, 9,10 studies on the central mechanisms underlying usual swimming in teleost fish are scarce. [11] [12] [13] [14] One of the major reasons restricting the study of neuronal mechanisms of swimming in teleost is the technical difficulty of monitoring fictive swimming in immobilized fish. Uematsu et al. have successfully recorded fictive swimming activity from the exposed spinal nerve in the carp. 13 But, as they have discussed in their report, the preparation has certain methodological defects that were mainly due to technical difficulties and considerable surgical damage to the samples. in diameter) was inserted through a small incision made in the rostral-most part of the trunk muscle. The recording electrodes were connected directly to an input box for impedance-matching of the signal. The signals were then amplified using a conventional AC amplifier (AVB-21; Nihon Kohden, Tokyo, Japan) and filtered through a band-pass filter. After implanting the electrodes, the anesthetic perfusate was replaced with dechlorinated tap water and the animal was allowed to recover from the anesthesia. No apparent movement was observed during the recording period. In some fish, paralyzation by curare injection was preceded by electromyogram (EMG) recording in the freemoving animals so that the electrical activity during free-moving and paralyzed states in the same specimen could both be examined using the same electrode set. For cases in which an EMG was recorded in free-moving fish, the electrode wires were fixed to the skin with cyanoacrylate glue and tied to the rostral base of the dorsal fin.
For cases in which intracellular recordings of the muscle membrane potential were done, a small area of the skin around the extracellular recording site was removed to expose the muscle. After placing the extracellular electrode as described earlier, the muscle fiber adjacent to the electrode was penetrated by a glass microelectrode with a resistance of approximately 35 MW. Internal solution of the glass microelectrode consisted of 3 M of potassium acetate and 0.2 M of potassium chloride. To avoid recording from possibly damaged superficial muscle cells, several muscle cells were passed before penetrating the cell to be recorded. During intracellular recording experiments, the recording chamber was filled with physiological saline and the gills were irrigated with aerated saline. The intracellular signals were DCamplified (MEZ-8300; Nihon Kohden) and stored on a DAT tape using a Sony PC208A (Sony, Tokyo, Japan) data recorder.
Histology
After completing the physiological experiments, the goldfish was re-anesthetized and, in some cases, pigment ink was deposited onto the skin at the incised site to mark the location of the inserted electrode. To identify the recorded sites, copper ion was deposited from the electrodes by passing a 20 mA positive current for 30 s. Then, the fish was decapitated and a part of its trunk, including the recorded sites, was trimmed roughly. The preparation was fixed in 10% formalin, 5% acetic acid, and 0.5% glutaraldehyde in distilled water for more than Therefore, there is a demand for the development of an alternative method for recording fictive swimming in teleost fish. In the present paper, we introduce an easy method for recording fictive swimming in two different teleost species, the goldfish Carassius auratus and the carp Cyprinus carpio.
MATERIALS AND METHOD

Animals
A total of 16 goldfish Carassius auratus, with a total length of 49.4-66.1 mm, were used. Ten of these were used for extracellular recordings in freemoving animals and/or paralyzed animals, and six for simultaneous recordings of extracellular signals of neuronal fibers and intracellular activities in muscle cells. Extracellular recordings of neuronal activities were also performed on 17 paralyzed carp Cyprinus carpio (total length 145-195 mm).
Physiological recording
Goldfish or carp was anesthetized in 0.015% MS-222. After complete cessation of ventilatory movement, curare (d-tubocurarine chloride, 2-7 mg/g bodyweight) dissolved in physiological saline (139.8 mM NaCl, 3.0 mM KCl, 3.0 mM CaCl 2 , 2.0 mM MgSO 4 , and 10.0 mM HEPES, pH 7.4) was injected intraperitoneally. The animal was then placed in the recording chamber with its left side up and its gills were irrigated with aerated tap water containing 0.005% MS-222 through a plastic tube inserted into the mouth to maintain anesthesia. A small number of scales at the level of the middle of the dorsal fin was removed and two small incisions were made in the dermis along the rostro-caudal axis using a razor. One of the incisions was close to the lateral line around which the red muscle was located. The other was away from the lateral line where only the white muscle was located.
For extracellular recordings in free-moving and paralyzed fish, we used monopoler electrodes made of copper wire (100 mm in diameter) insulated with enamel resin. The copper wire was cut at the tip using a pair of fine scissors and used without any other modification. The two recording electrodes were inserted through the incisions made in the fish. One wire was used for recording the electrical activities in the red muscle just beneath the skin around the lateral line and the other was used for the white muscle away from the lateral line. An Ag-AgCl ground electrode (300 mm 12 h with gentle agitation at 4.5∞C. The preparation was then washed in phosphate buffer (pH 6.5) for 1 h with three changes of the solution at 20∞C, and embedded in 6% agar. Serial horizontal sections of 200 mm thickness were cut using a microslicer (DTK-1000; Dohsaka, Kyoto, Japan). The sections were rinsed in phosphate buffer and incubated with phosphate buffer containing 0.1% saturated solution of rubeanic acid in 95% ethanol for 1 h with gentle agitation at 20∞C. This resulted in the recording sites becoming visible as dark green spots. Sections containing the recording sites were drawn using a camera lucida and photographed.
RESULTS AND DISCUSSION
Although the method developed in the present study is applicable to either goldfish or carp, detailed analyses were done largely on goldfish. Thus, we mainly discuss the data obtained from goldfish.
In free-moving fish that had copper wire electrodes implanted, EMG were obtained from the red muscle layer and the white muscle layer simultaneously. We found that the white muscle of goldfish was used even while swimming at a moderate speed. This result is similar to that for carp reported by Bone et al. 15 Nevertheless, activity of the red muscles was obvious in a wide range of swimming speeds; hence, we performed further analyses using recordings obtained from the red muscle layer. Figure 1 shows the electrical signals recorded using enamel-insulated copper wire electrodes implanted in the red muscle of one particular fish. The EMG was recorded in free-moving fish (Fig.  1a) , and fictive swimming activity was recorded using the same implanted electrodes after immobilizing the fish with a curare injection (Fig. 1b) . No visible movement was observed in the curarized fish and irrigation of the gills was needed to maintain respiration. The fictive swimming activities occurred spontaneously and the frequency of occurrence of the swimming episodes varied among individuals. However, the fictive swimming activities were observed relatively frequently during the period of recovery from the curare and there was no visible movement associated with bursts of activity, as recorded by the copper wire electrodes. Alternating bursts of activity were recorded in the right and left side of the trunk (Fig. 3) , which further supports the suggestion that these activities definitely underly swimming.
In some goldfish, as well as extracellular recordings, electrical activity of the muscle cells during fictive swimming was recorded intracellularly also. Forty-eight muscle cells with a resting potential greater than -60 mV were recorded in six animals. Figure 4 shows simultaneous recordings of extracellular signals recorded using copper wire electrodes and of intracellular recording of muscle cells adjacent to the extracellular electrode. Among the 45 cells that were penetrated during the present experiment, no change in membrane potential was observed during the bursts of spikes recorded extracellularly. In the remaining three cases, very small depolarizations of the membrane potential, which were associated with the extracellularly recorded bursts of activity (spikes), were observed (Fig. 4b) . However, the depolarizations were less than 2 mV and unlikely to be detected extracelluanesthesia. The amplitude of recorded signals from immobilized animals was much smaller than that from free-moving animals (Fig. 1) . In the majority of cases, examined signals from free-moving fish were 50 times or more larger than those from immobilized fish.
In addition, durations of the spikes contained in a burst of muscle activity in free-moving animals, which probably consists of combined end-plate potentials and action potentials in the muscle cells, were apparently longer than those of the spikes recorded in curarized animal (Fig. 1) . The electrical signals from the immobilized animals were probably the extracellularly recorded action potentials in the motor nerve fibers innervating the muscle.
Although bursts of activity were also observed in the white muscle layer of immobilized animals, durations of these bursts in a given episode tended to be shorter than those in the red muscle layer. Furthermore, in several cases, there was no detectable activity in the white muscle layer in some cycles in episodes of fictive swimming. Figure 2 shows an example of a marked recorded site in the red muscle layer. Marking of the recorded sites revealed that larger signals tended to be recorded around the myosepta in curarized animals. This might be at least due to the location of the bundle of motor fibers that run along the myoseptum before entering the muscle. 16 Using the same procedure, we succeeded in recording fictive swimming activity in immobilized carp (Fig. 3) . As for the goldfish, the carp were immobilized completely with an injection of larly. These results further support the idea that the bursts of activity recorded extracellularly in the immobilized fish by means of the enamel-insulated copper wire electrodes were the bursts of spikes occurring in the motor axons that innervate the swimming muscles.
When investigating the central mechanisms in fish that are involved in swimming, in vivo samples paralyzed by a neuromuscular blocker, such as curare, are useful for making detailed observations of neuronal activities. In the paralyzed state, combined with the present method, simultaneous recordings of the brain neuron activity and spinal motoneuron activity during fictive swimming can be maintained without holding the fish tightly. This also provides a great advantage for those studies investigating the motor response of animals to certain stimuli because the strength and direction of the stimulus can be controlled precisely in immobilized samples.
